SUMMARY. This investigation was undertaken to provide precise information about the dimensional characteristics of vascular smooth muscle cells as related to their paracellular matrix. The representative types of vessels were fixed at the mean blood pressures of adult male Wistar rats. The shapes, positions of the nucleus, linear dimensions, volumes, and orientation within the vessel wall were determined by a computer-assisted reconstruction of the cells from serial sections. Wall-to-lumen and cellular-to-paracellular ratios also were assessed. The smooth muscle cells were elongate, but whereas some are spindle shaped, most are not, and may be shaped like flattened triangles, paddles, boomerangs, or hourglasses, and in addition, any one of these shapes may be forked. The nucleus tended to be in the largest part of the cell, wherever that region occurred. Thus, the majority of the nuclei (61%) were not centrally located, but overlapped the middle and end thirds of the elongate cells. Of the three arteries investigated, the muscular type tail artery had cells with volumes two to three times larger (P < 0.01) than cells in a musculoelastic (femoral) or elastic (mesenteric) artery, and six times larger (P < 0.01) than those of the portal vein. Therefore, the smooth muscle cells of the vein were significantly smaller than those in any artery (P < 0.01). The smooth muscle cells were aligned at a steeper angle in the vessel wall (15°± 2°) of the muscular artery than in those with more elastic tissue (9° ± 2°), with a higher percentage of circumferential cells in the latter. The wall-to-lumen ratios decreased as the relative amount of paracellular matrix, particularly elastic tissue, increased in the three arteries. Therefore, irregularly shaped cells, with the nucleus in the thickest region, and having characteristic cell volumes depending on the type of vessel, form the vascular smooth muscle tissue. These factors are relevant if stereology, or measuring from two dimensions, is used to estimate size characteristics in cardiovascular disease such as hypertension. In addition, the optimum angle at which vascular strips are cut would vary, for example, when used in testing pharmacological agents. (Circ Res 53: [319][320][321][322][323][324][325][326][327][328][329][330][331] 1983) SMOOTH muscle tissue is believed to consist of spindle-shaped cells with a central nucleus oriented along the long axis of the cell (see reviews by Rhodin, 1980; Gabella, 1981) . The orientation of smooth muscle cells in blood vessels is assumed to be spiral or helical, although the results of experiments are more consistent with a circular orientation in some vessels. Knowledge of the shape and orientation of smooth muscle cells in blood vessels is important in interpreting normal and pathological pressures in blood vessels, as well as tension in strip preparations of vessel wall.
SMOOTH muscle tissue is believed to consist of spindle-shaped cells with a central nucleus oriented along the long axis of the cell (see reviews by Rhodin, 1980; Gabella, 1981) . The orientation of smooth muscle cells in blood vessels is assumed to be spiral or helical, although the results of experiments are more consistent with a circular orientation in some vessels. Knowledge of the shape and orientation of smooth muscle cells in blood vessels is important in interpreting normal and pathological pressures in blood vessels, as well as tension in strip preparations of vessel wall.
We have developed techniques to provide definitive information about the size, shape, and orientation of smooth muscle cells in blood vessels. Serial sections of vessels are analyzed with the assistance of a computer and a three-dimensional reconstruction of individual smooth muscle cells is created.
In our preliminary studies on the rat tail artery, we have reported (Todd and Green, 1981) that the shape and orientation of the smooth muscle cells and the orientation of the nuclei show considerable diversity, and vary with age. We now present a more complete, comparative analysis of the size, shape, and orientation of smooth muscle cells in adult rat blood vessels, fixed at the animals' mean blood pressures. A muscular artery, a musculoelastic artery, an elastic artery, and a large vein are represented. In this report, we discuss the importance of this information in the interpretation of morphology and pathology, as well as in physiological and pharmacological experimentation.
Methods
Vascular tissue was obtained from inbred male Wistar rats from a breeding colony maintained in the Department of Anatomy. The animals were housed (two per cage) in a controlled environment after weaning at 4 weeks of age and were given water and Purina Laboratory Chow ad libitum. All animals used in this investigation were 16 weeks old.
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A cannula was inserted into the left common carotid artery. Pang and Scott (1980) found that this method did not cause any alteration in the systolic pressure, as recorded by the tail cuff method or by femoral cannulation. The cannula in the carotid artery was connected with a Ttube to the perfusion pump and to a pressure transducer. The systolic, diastolic, and mean blood pressure values were recorded. Perfusion then was started. About 30 seconds after the perfusate started to enter the animal, the tip of the tail was cut and then the skin of the thighs was reflected and both superficial epigastric veins were cut. After approximately 2 minutes, clear fixative was passing through these vessels. The pressure was carefully monitored throughout the perfusion period to equal that of the mean systolic blood pressure, using a continuously variable perfusion pump. A continuous recording was made of the pressure of the perfusion fluid, and the pump rate was noted. A total of 50 ml of fixative were perfused, which took approximately 10 minutes.
A check was made on the perfusion pressure by additional experiments. The femoral artery was cannulated and hooked to a second transducer to confirm that indeed the pressure was maintained at that of the animal.
The vessels, the superior mesenteric artery, the portal vein, the tail artery, and the femoral arteries, then were excised. They were fixed for a total of 1.5 hours at room temperature and 0.5 hour at 0°C in the 3% glutaraldehyde/2% paraformaldehyde solution. After washing, the tissues were postfixed with 1% osmium tetroxide in 0.1 N cacodylate buffer for 1.5 hours at 0°C. After en block staining in saturated aqueous uranyl acetate solution, the tissues were dehydrated in acetone, and then infiltrated using the Epon-Araldite mixture of Mollenhauer(1964) .
The tissues were embedded individually in freshly made pure Epon-Araldite mixture, and were oriented so that they would be at right angles to the plane of sectioning. The resin was polymerized at 60°C for 48 hours, and the blocks were cured further for 2 days at room temperature.
Sectioning
The vessels were precisely aligned perpendicular to the knife edge so that transverse whole vessel thick sections could be taken to determine wall-to-lumen ratios. These sections, 0.5 fim thick, were cut on a Reichert Om U3 ultramicrotome with a glass knife. The sections were placed on a glass slide, heat fixed, and stained with a 1:1 mixture of 1% azur II and 1% toluidine blue made up in 1 % borax.
The block face was then retrimmed to form a mesa so that two of the four corners were at the tunica mediaadventitial border, to act as a frame of reference in successive photographs for tracing the smooth muscle cells. Up to 150 cross-sections of each vessel, 0.5 )im thick, were cut serially. It was essential that the section thicknesses be accurate and consistent throughout the series. This was confirmed by the method of Small (Weibel, 1979) .
Finally, ultrathin sections (60-80 nm) were cut on the same microtome with a diamond knife. The sections were placed on formvar/carbon-coated slot grids, post-stained in Reynolds' lead citrate stain (Reynolds, 1963) for 6 minutes, then examined and photographed using a Philips 300 electron microscope.
Analyses
Three types of quantitative analyses were used. Computer-based reconstruction of whole smooth muscle cells provided precise cell volume scores (in jim 3 ) as well as graphic three-dimensional line drawings of the cell and nucleus at several orientations. Standard morphometric and stereological methods using photomicrographs of vessels at the light microscopic and ultrastrucrural level, yielded wall-to-lumen ratios and measures of cellular-tononcellular composition of the vascular wall. Results are shown as mean ± SEM. Comparisons were made by Student's Mest.
Computer Imaging
The serial sections were photographed, including the frame of reference, on a Leitz Orthoplan microscope. A photographic print showing this frame clearly was outlined on clear acetate film. This template was used to orient all the other prints so that they had the same alignment. The acetate film was taped to a digitizer interfaced with the University computer, and the first print of the series was oriented with the frame of reference under the film. This would be the first print in the series in which a piece of a particular cell appeared. Using a cursor (an electronic instrument used to register x and y coordinates on the digitizer), the contours of the section of cell, and the section of nucleus if present, were defined by a series of points. These points were transferred directly to a data file. Each point had either the digit 1, 2, or 3 associated with it by pressing a burton on the cursor, and these digits indicated to the computer whether to draw a line between points, or to move into another plane, or to move through the same plane without drawing a line. The distance between planes was equivalent to the distance between sections, that is, 0.5 fim, and was in the same scale as the horizontal distance within sections. Provision was made to outline the nucleus of any cell so that its morphology and alignment could be visualized.
The sections containing a particular cell were digitized accordingly from end to end, and a three-dimensional image of a series of contours of the cell was displayed on a graphics terminal. This image could be rotated about any of the x, y, or z axes, and plotted on a graph-drawing machine. From these plots, the length, width, orientation, shape of the cell, and the position of the nucleus could be seen and measured. Similarly, the contours could be separated, for example, to 5 or 10 times the 0.5 j*m distance between contours to aid in visualizing the cell.
Cell Volumes
A supplementary computer program was developed to determine the volume of a cell from the digitized representations of serial sections. The cross-sectional area of the cell in each section was calculated, and then this area was multiplied by the thickness of the section (0.5 ^m). The resulting volumes for each section in which the particular cell appeared were summed to obtain the total volume of that cell, including estimated volumes for unavoidable missing sections.
All cells were chosen randomly, but the random choice within any one artery was from the inner layers (one quarter of the cells), middle layers (one half) and outer layers (one quarter). Cells were chosen randomly from the separate layers of the portal vein. These cells were evaluated as separate groups, but there were no consistent patterns in the sizes or orientation in the samples described in this report, so the results are the pooled samples.
The fact that the sections were 0.5 ^m thick and were differentially stained for cellular and noncellular components, permitted an accurate tracing of the cell outline. In the very few cases in which ends of adjacent cells overlapped, the irregularity of the outline suggested what was happening, and continuing to trace always revealed another cell with another nucleus.
Cellular vs. Noncellular Components
Previously described stereological methods for morphometric analyses have been employed for a number of tissues (Weibel, 1969; Eisenberg et al., 1974; Goldstein et al., 1974; Simionescu et al., 1974; Weibel, 1974; Weibel, 1979) , including the rat aorta (Gerrity and Cliff, 1975) , where the components of the tunica media were quantitatively measured. These methods, which involve point counting by using a sampling grid, were used in the present investigation. Basically, an acetate sheet with a sampling grid was superimposed over randomly generated micrographs. The electronmicrographs were taken at low power (300X). For each vessel studied, at least three nonoverlapping areas of the complete thickness of the muscle layer were prepared for stereological analysis at a final magnification of 2450X. The number of times a point fell on a specific structure, such as either a smooth muscle cell or components of the paracellular matrix, permitted a relative quantitative analysis of cellular versus noncellular components in the different vessels.
Wali.Lumen Ratio
Each blood vessel had a series of 12 complete crosssections cut, and light photomicrographs were produced for three sections of each vessel sampled from each animal. The MOP-3 electronic planimeter was used to measure the total areas of the tunica media and the lumen. From these, wall:lumen ratios were calculated and related to the size and type of vessel. The accuracy of the area measurements was confirmed mathematically by measuring lumen perimeter (P) to calculate area (area = P2/ ) rats. The tail artery is a typical muscular artery, similar in its characteristics to other peripheral muscular arteries, such as those in the thigh (Todd and Tokito, 1981a) . The femoral artery is of the musculoelastic type and the superior mesenteric artery is an elastic vessel. The portal vein is representative of large veins with two distinct layers of smooth muscle.
The mean blood pressures for all these animals fell within the normal range with a systolic value of 134 ± 3 mm Hg, and a diastolic value of 86 ± 4 mm Hg. The mean values for each animal are included in Table 1 , and represent the perfusion pressure at which the vessels were fixed, and therefore fixation was carried out at each animal's physiological pressure. A typical recording is illustrated in Figure 1 .
Shape of the Smooth Muscle Cells
We have found that vascular cells are elongate cells, some are spindle shaped, but many are of other shapes. For example, they may be shaped like flattened triangles, paddles, boomerangs, hourglasses, and in addition, any one of these shapes may be forked. Nevertheless, any section through any one of these cells would show a more or less fusiform outline as illustrated in Figure 2 , particularly in the tail artery. Samples of typical cells traced from such sections are computer plotted and reproduced in Figures 3-5. An attempt was made to classify the cell shapes, but it proved impossible since virtually every cell was unique. The smooth muscle cells from the femoral and mesenteric arteries had the most irregular outlines in the serial
Results
We have obtained results from four vessels representing different types from the 16-week-old male WBTAR-16 weeks of age sections, and this characteristic was reflected in the computer plotted images (Figs. 4 and 5) .
Location of the Nucleus within the Cell
Accepting the elongate, irregular shape of the smooth muscle cells, the nucleus tended to be within the largest part of the cell, whether that be in the middle or at one of the ends (Figs. 4 and 5) . The overall longest straight dimension of each cell (Table   2 ) was divided into thirds, and the nucleus was classified as occupying the end third or the middle third, or overlapping the two. Figure 6 summarizes these results. The trend was similar in each vessel. Therefore, with all the results pooled (n = 74), approximately a third (31%) of the nuclei were centrally located, the majority overlapped between the end and middle regions (61%), and the remainder were wholly within the end third (8%).
. This smooth muscle cell illustrates the types of reconstructed images produced by computer. The sections may be all superimposed (part a), or tilted so that x = 90° (part b), or y = 90° (part c). The sections may also be tilted to 80°, and be separated by five times the section thickness (parts d and e) The position of the nucleus within the cell is also indicated by a contour drawn /us/ above that of the cell section.
When we tried to define the orientation of the nucleus with respect to the long axis of the cell, the same problem arose as when we attempted to classify cell shapes. There was no consistent pattern. The long axis of the nucleus was randomly oriented in relation to the long axis of the cell.
Cell Measurements
The mean dimensions of cells in the various vessels are shown in Table 2, and Table 3 summarizes the statistical comparisons. The cells from the tail and femoral arteries were similar in maximum length and cross-sectional dimensions. Cells from the mesenteric artery were significantly shorter than those from tail and femoral vessels, but similar in cross-sectional dimensions. Cells from the portal vein were significantly less in both linear dimensions than cells from the three arteries.
However, the cell volumes probably provide the most accurate size measurement of any that we have included in this report. Volume estimates presented in Table 2 indicate that cells from the tail artery were on the average two to three times larger than cells from the femoral and mesenteric arteries, and six times larger than cells from the portal vein. Mean volumes of cells from the mesenteric and femoral arteries did not differ significantly, and the cells from the portal vein were smaller in volume than all the others.
Orientation of Smooth Muscle Cells
Aligning vessels at right angles to the plane of sectioning meant that the internal and external elastic laminae were each virtually superimposed in the first and last sections of the series. This fact allowed the orientation of the long axis of the smooth muscle cells to be assessed. It was possible to determine the degree to which cells were circumferential to longitudinal in orientation and whether they had a spiral or helical arrangement in the vascular wall. The measured angles of the cells within the tunica media represent the angle difference from a truly circumferential orientation, that is, zero degrees. The mean values for the angles of the cells are indicated in Table 4 . The pattern was different in the muscular type of artery, the tail artery, than in those with more elastic tissue. Only 6% of the cells in the tail artery were circumferentially oriented, and the mean angle for all cells was 15° ± 2°. In contrast, there were 21% and 30% circumferential cells in the femoral and mesenteric arteries, with mean angles in both being 9° ± 2° (Table 4 ). The only significant difference in these groups was between the angles of the tail and mesenteric artery cells at the 5% level, due to the greater proportion of circumferential cells in the latter.
The portal vein cells were sampled primarily to compare their dimensions with those from arteries. In the rat, there are two distinct layers of muscle comprising the tunica media, and cells were sampled from both layers (inner-8, outer-4). The mean value for the angles of inner layer cells was 36° and was 79° for cells from the outer layer. The values from both layers were pooled to give the results recorded in Table 4 , which indicates the more longitudinal orientation of the portal vein cells compared with arterial cells.
In those cells positioned at an angle within the vessel wall, the computer-reconstructed image indicated whether the cell was oriented in a clockwise or counterclockwise arrangement. Both of these were found in all vessels, with no consistent pattern emerging with respect to any one vessel. When all cells from all the vessels were compared (n = 74), 45% were in a clockwise orientation, 38% were counterclockwise, and the rest were circumferentially or longitudinally (in the portal vein) oriented (Table 4) .
The smooth muscle cells could also be classified according to whether they maintained their relative position within the wall or whether they verged toward either the lumen or adventitia. In other words, the arrangement could be that of a helix, 
FIGURE 6. Summary of the position of the nuclei within the smooth muscle cells cells, ivhether it is in the end third (E), overlapping with the middle third (O), or solely in the middle third (M).
where each turn is equidistant from the center, or that of a spiral, moving either inward or outward, such as in a watch spring. The cells were almost equally divided between these two groups, 53% in spirals and 47% in helices. However, the helical arrangement was weighted by the greater number of circumferential cells in arteries with elastic laminae.
Cellular vs. Intercellular Components
The point-counting method outlined by Weibel (1979) using electronmicrographs was carried out on the three arteries. Representative examples of electronmicrographs from which the counts were made are illustrated in Figure 7 . This gave a comparison between a muscular artery with only internal and external elastic laminae, an artery with discontinuous elastic laminae in the tunica media (the femoral), and an artery with a prominent elastic laminar component (the mesenteric). The muscle layers of the vein also were analyzed. The results summarized in Table 5 indicate that the proportion of intercellular material is smallest in the muscular artery (tail) and greatest in the elastic artery (mesenteric). It should be noted that smaller cells, as measured by the cell volume (Table 2) , were found in the arteries with the increased paracellular matrix. The muscle layers of the vein were most similar in composition to that of the muscular artery. Table 6 summarizes the mean values (±SE) of cross-sectional areas of tunica media vs. the lumenal area in the vessels. The figures indicate the greatest tunica media-to-lumen ratio in the tail artery, and the least area of tunica media to lumen in the two arteries with an elastic tissue component. The vein, as would be expected, has relatively the thinnest wall.
Wall-to-Lumen Ratios

Discussion
The present investigation has demonstrated that vascular smooth muscle cells are more heterogeneous than has been previously thought. They are elongate but irregularly shaped cells, varying considerably in size depending on the type of vessel, and with the nucleus of the cell not necessarily centrally located.
The smooth muscle cells often have a spindleshaped overall appearance in sections. The outline may be more or less irregular, depending on the type of vessel, since elastic arteries have cells with processes that are attached to the matrix (Gabella, 1981) . However, spindle-or fusiform-shaped sections do not necessarily add up to a spindle-shaped smooth muscle cell when it is reconstructed using serial sections. Evidence from reconstruction of arteriolar smooth muscle cells supports the irregular shape (Carlson et al., 1982; Komuro et al., 1982) .
When the smooth muscle cells are reconstructed by computer imaging, the nucleus is found to be in Each artery is significantly different from the other two (with respect to the noncellular component, the elastic component and the muscle component) at P < 0.01 level. The proportion of muscle in the layers of the portal vein is not significantly different at the 0.01 level from that of the tail artery, but is when compared with the other two arteries. There were no significant differences between the two layers of the portal vein.
* A minimum of three nonoverlapping areas of the muscle layer were analyzed for each vessel. See table 1 for abbreviations.
the thickest part of the cell, wherever that part is, including at one end. Thus, previously, the supposition had been made that the nucleus was in the center of the cell, based on the assumption that the thickest part of the cell was there. Measurements of cell dimensions based on such criteria (Friedman et al., 1971; Osborne-Pellegrin, 1978) are not supported by our evidence from reconstructed cells. In addition, the cells vary considerably in size as measured by their volumes. It is unlikely that the nature of this variable in volume could be determined accurately by means of two-dimensional measurements alone. Morphometric techniques which estimate the volume of three-dimensional objects of irregular shape using two-dimensional measurements involve a significant potential for error. Volume estimates on structures that can readily be classified as standard mathematical shapes, such as spheres or cones, can be adequately dealt with using standard morphometric techniques (Weibel, 1979) ; however, 'Mixtures of spheroids, triaxial ellipsoids and bodies of more complex shape are not yet treatable and the prospects are poor. . . ' (Williams, 1977) . It should be emphasized that these problems arise because of the irregular shapes of the smooth muscle cells.
For example, Osborne-Pellegrin (1978) measured the cross-sectional areas of nucleus-containing portions of smooth muscle cells from the aorta and renal arteries of the rat. The cells were assessed as being the same size, on the basis of these measurements. In the present investigation using serial sections, if the cells from the tail and femoral arteries are compared, there is no significant difference in the lengths or cross-sectional average dimensions, suggesting cells of the same size. However, with the calculated cell volumes, the average volume for the femoral artery cells was only a third of that for the cells from the tail artery, and therefore they were significantly smaller due to their more irregular outline. This reemphasizes the usefulness of accurate volume determinations in assessing cell size.
In comparing the dimensions of vascular smooth muscle with that in the Taenia coli (Gabella, 1976) , the cells in that tissue (under load) were estimated to be 515 jim long with volumes of 3500 jim 3 . The assumption was made that the cells were of similar lengths and did not fork, which, in fact, was not found to be the situation in the vascular tissue described here. Shorter fiber lengths of 319 to 435 pm were reported by Cooke and Fay (1972) , measured in cells dissociated from the tissue. In the vas deferens (Merrillees, 1968) , the cells were similar to those of the Taenia coli with lengths of 450 nm and volumes of 3000 j*m 3 . These latter cells were irregular in outline with the nuclei often eccentrically located, as we found with vascular smooth muscle cells. The lengths of cells dissociated from the rabbit portal mesenteric vein, 258 ^im (Berner et al., 1981) , were greater than we found in the rat. This tissue (Komuro et al., 1982) . Another study (Carlson et al., 1982) estimated arteriolar muscle cells to reach 50-60 /im in length.
The results obtained from our computer-reconstructed images of smooth muscle cells indicate that the determination of the orientation of the cell within the vessel wall requires more accurate methods than have been used previously. For example, it cannot be adequately assessed on the basis of the CTOss-sectional vs. longitudinal appearance of cells in arteries (Keech, 1960; Rhodin, 1962 Rhodin, , 1967 Osborne-Pellegrin, 1978) . Other methods which have been used are scanning electron micrographs (Cope and Roach, 1975) and microdissection techniques (Strong, 1938; Bohr et al., 1962) . More recently, using a mathematical modeling technique based on the assumption that the long axis of the nucleus is that of the cell, a circumferential orientation of smooth muscle cells within the vessel wall has been proposed (Canham, 1977; Canham and Mullin, 1978; Walmsley and Canham, 1979; Peters and Canham, 1980; Canham et al., 1982a) . We did not find that the nuclear alignment corresponded to the cellular long axis. However, recent work on brain arteries by this group, using a polarizing microscope, does provide evidence for circumferential orientation in those particular vessels (Canham et al., 1982b) .
From the multitude of reports, recent reviews (Rhodin, 1980; Gabella, 1981) would suggest that elastic arteries tend to have cells that are circumferentially arranged, and the arrangement tends toward the helical or spiral in muscular arteries. Our results would support this, since the greater the proportion of elastic tissue in the tunica media, the greater the number of circumferentially arranged cells.
The orientation also may be tested by determining the tension-generating capacity of strips cut at various angles (Herlihy, 1980) . In these experiments, the circumferential orientation of the aortic cells is convincing. The vascular strip preparation is widely used by physiologists and pharmacologists since it was introduced by Furchgott and Bhadrakom (1953) . The orientation of the vascular smooth muscle cells could well be significant if the maximum tension is developed along the long axis of the vascular cells, particularly in view of Herlihy's (1980) results. It should be stressed that each type of vessel, or even the same type from different locations, must be individually examined using proven techniques.
The amount of extracellular material is relatively sparse in muscular arteries and increases to a maxi-329 mum in elastic arteries, whereas the wall-to-lumen proportions decrease. However, the change in smooth muscle cell size that also occurs has not been documented previously. Does the increase in extracellular material in prolonged hypertension parallel a decrease in smooth muscle cell size? There is some evidence for this, since Friedman et al. (1971) reported that cells that were hypertrophied in a muscular artery in the rat during acute deoxycorticosterone acetate hypertension, were no longer hypertrophied at a later stage, although the blood pressure was still elevated. The results would suggest that other structural alterations had occurred to maintain the elevated pressure.
The difference in cell size may also be associated with the degree of vasomotor innervation in the arteries. The density of the adrenergjc endings is greater in the muscular tail artery, and other similar muscular arteries, than in the femoral (Todd, 1980; Todd and Tokito, 1981a) . Thus, the design appears to associate a larger cell at a steeper angle with denser innervation. The densely innervated portal vein (Ljung and Stage, 1975) , with little paracellular matrix within the muscle layers, has the smallest smooth muscle cells. In this case, the size may be related to the very low pressure within that vessel. In preliminary studies (Todd and Green, 1981) , the cells in the tail artery of 3-day-old rats were more circumferential, and smaller than in adult animals, and the subsequent development may parallel the postnatal increase in blood pressure (Gerrity and Cliff, 1975) .
The perfusion pressure was not measured on the venous side of the circulatory pathway, but perfusate was allowed to escape to prevent buildup of pressure. For the purposes of this report, we were interested in evaluating any major differences in the dimensional characteristics of smooth muscle cells from veins vs. those from arteries. Unpublished data from this laboratory have compared the dimensional characteristics of both arterial and portal vein smooth muscle cells either after the glutaraldehyde/ paraformaldehyde fixation, or by means of an improved permanganate technique (Todd and Tokito, 1981b) . The immersion fixation, with the permanganate, preserved cells with characteristics that were essentially similar to those described here.
Therefore, vascular smooth muscle cell size and orientation may be interacting with innervation, blood pressure, paracellular matrix, or a combination of these. Except for orientation, these factors are well known to be altered as the blood pressure is elevated during developing hypertension. However, there is no valid reason at this stage to assume that cell orientation is not changed, nor has this aspect been investigated in hypertension.
The results presented here provide a baseline for further experimental investigation, as for example with volume changes in smooth muscle cells during contraction. The evidence at the moment is controversial, with results indicating an increase (Friedman et al., 1971) , a decrease (Fay and Delise, 1973; Kominz and Groschel-Stewart, 1973) , and no change (Gabella, 1981) . Further investigation using our experimental techniques would solve this contradiction.
In terms of physiological and pharmacological experimentation with vascular tissues, perhaps certain results previously obtained and involving the comparison of different vessels may need to be reexamined in view of some of the information presented here. For example, the reactivity to pharmacological agents may be fundamentally influenced by the sizes of smooth muscle cells themselves, in addition to other variables like the density of innervation and the proportion of paracellular matrix.
Therefore, the results of the present investigation have demonstrated some unexpected findings with respect to the vascular smooth muscle cell. The methods described here will permit more accurate estimations of the dimensional characteristics, and, in particular, the morphological changes that develop in vascular smooth muscle cells in cardiovascular diseases such as hypertension.
